Most bacterial and archaeal genomes contain many genes with little or no similarity to other genes, a property that impedes identification of gene origins. By comparing the codon usage of genes shared among strains (primarily vertically inherited genes) and genes unique to one strain (primarily recently horizontally acquired genes), we found that the plurality of unique genes in Escherichia coli and Salmonella enterica are much more similar to each other than are their vertically inherited genes. We conclude that E. coli and S. enterica derive these unique genes from a common source, a supraspecies phylogenetic group that includes the organisms themselves. The phylogenetic range of the sharing appears to include other (but not all) members of the Enterobacteriaceae. We found evidence of similar gene sharing in other bacterial and archaeal taxa. Thus, we conclude that frequent gene exchange, particularly that of genetic novelties, extends well beyond accepted species boundaries.
genome evolution | horizontal gene transfer | microbiome M icrobiologists have long advocated the sequencing of diverse microbial genomes to enhance our understanding of physiology, phylogeny, and evolution. Genome sequences commonly reveal unique genes, even among close relatives. Although it is known that horizontal gene transfer contributes to species differences, strains of the same species can differ by as much 30% of the gene complement (1) (2) (3) . This finding has led to a perspective in which microbial genomes are composed of a core set of vertically inherited genes that are common throughout the species and a set of variable genes that are acquired horizontally and can be unique to a given strain (4, 5) .
Where do the unique genes come from? Two avenues of investigation have shaped our understanding of horizontal gene transfer: the genetic study of recombination of homologous genes among close relatives (bacterial genetics) and the phylogenetic study of nonhomologous transfer of genes from distant relatives (molecular phylogeny). Homologous recombination usually replaces existing genes with related sequences, and so is unlikely to introduce novel genes into a genome. Nonhomologous gene transfers can introduce novel genes, but phylogenetic analyses cannot reveal the sources of these genes when related genes have not been detected in other genomes.
In most genomes, the vertically inherited genes are adapted to codon usages characteristic of their genome and expression level (6, 7) . In contrast, horizontally acquired genes often have distinctive base composition [guanosine + cytosine content (G+C)] and codon usage (8, 9) , giving rise to an assumption that the transferred genes are from phylogenetically distant and disparate sources (10, 11) . However, assuming disparate sources conflicts with the observation that many of the horizontally acquired genes in E. coli share a distinctive codon usage (9, 12, 13) , suggesting that they come from a common source, possibly the host species themselves (13) .
Results
Horizontally Acquired Genes Are Similar in Codon Usage. Seeking insight into the source(s) of horizontally acquired genes, we analyzed the codon usages of genes in five E. coli strains and five S. enterica strains (SI Appendix, SI Materials and Methods). Each strain has different pathogenic traits and host ranges, as well as distinctive unique genes. To compare the horizontally acquired and vertically inherited genes, we needed an impartial method for identifying these gene sets in each genome. Given our interest in codon usages, we avoided criteria based on G+C content and/or codon usage, choosing instead criteria based on phylogenetic distribution of orthologous genes. We took the genes shared by all 10 strains as those most likely to have been vertically inherited and the genes unique to a single strain as those most likely to have been recently acquired by horizontal transfer (14) (SI Appendix, SI Text). These criteria will miss some genes, but the number of false-positives will be very small, and the criteria are not biased by codon usage.
To characterize each set of genes, we computed modal codon usage, a metric less influenced by atypical genes than is the average (15) . For shared (i.e., vertically inherited) genes, we used E. coli O157:H7 and S. enterica Typhimurium LT2 to represent their respective species. Because all unique genes are distinct, we represented each species by the pool of these genes across all five strains. Each modal codon usage (SI Appendix, Table S1 ) is a point in a 59-dimensional space, and the relationships among the codon usages can be characterized by the distances between them (Table 1 , upper-right triangle). The distance between the shared gene codon usages of the two species (0.238) was 2.9 times larger than the distance between these species' unique gene codon usages (0.081). Most of this distance between the unique gene codon usages (0.051 ± 0.008) was due to finite sampling (SI Appendix, SI Text) (15) .
We used bootstrap resampling to assess whether this difference in shared gene versus unique gene modal codon usage could be due to statistical error (SI Appendix, SI Text). Even though such an analysis is expected to result in increased distances between codon usages (SI Appendix, SI Text), the unique gene codon usages were still 2.3-fold closer than are the shared gene codon usages (Table 1 , upper-right triangle, values in parentheses). In all 10,000 resamplings, the unique gene codon usages were more similar than the shared gene codon usages (SI Appendix, Fig. S1A) , and from the distribution of values, we conclude that the difference is significantly greater than 0 (P ∼ 10 −9 ) (SI Appendix, SI Text).
Although we consider modal codon usage a superior method for analyzing heterogeneous data, the similarity of the unique gene codon usages is also seen in the average codon usages of the gene sets (Table 1 , lower-left triangle). Although the similarity of the unique gene codon usages is less dramatic, the unique genes of the species are significantly more similar in average codon usage compared with the shared genes (P < 10
) (SI Appendix, Fig. S1B ). Thus, we conclude that the unique (presumably, the most recently acquired) genes of E. coli and S. enterica are more similar in codon usage than are these species' shared (i.e., vertically inherited) genes.
We used projections based on factorial correspondence analysis to display the codon usages of the individual genes in the E. coli O157:H7 and S. enterica LT2 genomes, as well as the modal usages of these genomes' shared genes and unique genes. The proximity of the unique gene modes relative to the separation of the shared gene modes is evident in the plots created ( Fig. 1 and SI Appendix, Fig. S2 ). Qualitatively, the individual shared genes of the two species are offset in the plots, whereas the unique genes are more intermixed.
When the modal codon usages are compared across all strains, the distances between them (SI Appendix, Table S2 ) yield a tree ( Fig. 2 ) that clearly separates unique genes and shared genes. The shared genes are further separated by species, consistent with independent divergence. In contrast, the unique gene codon usages for strains of the two species are interspersed. This interdigitation is not statistical noise due to smaller numbers of genes; when the numbers of shared genes were reduced to match the numbers of unique genes, the shared gene modes always The shared gene codon usages are those of E. coli O157:H7 EDL933 and S. enterica subsp. enterica Typhimurium LT2. Distances between modal codon usages are in the upper-right triangle of the matrix. Distances between average codon usages are shown in italics in the lower-left triangle. Values in parentheses are the mean ± SD of the corresponding distance measurement for bootstrap resamplings of the gene sets (10,000 and 50,000 replicates for modal and average codon usages, respectively). The comparisons of shared genes to shared genes, and unique genes to unique genes, are shown in bold. Fig. 1 . First two axes of a factorial correspondence analysis of the codon usages of E. coli O157:H7 and S. enterica LT2 genes. For each species, colors distinguish shared genes, unique genes, and genes with other distributions (i.e., found in between two and nine strains). Also shown are the modal codon usages of the shared and unique genes of the species.
(1,000 replicates) separated by species in the resulting trees (SI Appendix, SI Text).
The unique genes are dispersed around their respective chromosomes and plasmids (Fig. 3) . When the separation of unique genes by at least one intervening shared gene is taken as evidence of independent acquisition, the unique genes of E. coli O157:H7 and S. enterica LT2 are divided into 172 and 71 distinct regions, respectively (SI Appendix, Table S3 ). Thus, the similarity of the unique genes is not an artifact of a small number of transfers that happen to have sampled similar sources.
Why Are the Unique Gene Codon Usages So Similar? We consider three categories of possible explanations for the similarity in unique gene codon usages: convergence by random drift, acquisition from a common source of genes, and intraorganismal selection. Is it plausible that the unique genes are threefold more similar in codon usage compared with the shared genes because they have independently drifted to a common value? We address this question from two perspectives: whether or not the shared gene codon usages fit a simple drift model, and the statistical difficulty of getting threefold closer.
To postulate that independent drift makes the unique genes much more similar compared with the shared genes, we need to define the endpoint of the presumed drift. Two obvious trends are the drift toward lower G+C content, particularly at third position of the codons, and a more equal use of synonymous codons. These trends have been attributed to drift accompanying the relaxation of translational selection (16) (17) (18) . However, neither effect is reflected equally across sets of synonymous codons (SI Appendix, Tables S1 and S4). The amount of drift toward a presumed unselected codon usage at third codon positions differs greatly among amino acids, and the use of silent site purines and silent site pyrimidines do not extrapolate from one amino acid to another (SI Appendix, Table S4 ). These data are not consistent with a uniform relaxation of codon bias in the unique genes. The complexity of the observed pattern of codon usage leads us to conclude that random drift to some equilibrium value could not have caused the similarity seen in the unique genes of E. coli and S. enterica (SI Appendix, SI Text).
Although the foregoing codon usages do not appear to be the result of a simple drift model, we also must consider the possibility that the unique gene modal codon usages are threefold closer by chance. However, this is threefold closer in a multidimensional space, in our case, a space with 41 degrees for freedom. At first approximation, there are 3 −41 (∼ 3 × 10 −20 ) times as many possible codon usages within a distance of 0.08 (the distance between unique gene modes) as within a distance of 0.24 (the distance between shared gene modes). That is, assuming that all codons are influenced independently by drift, the probability of the unique genes drifting from the shared gene codon usage and converging on codon usages that are threefold closer is less than 1 in 1 quadrillion. Even if the drift were biased, the biases would need to be more similar for the horizontally acquired genes than for the vertically inherited genes (SI Appendix, SI Text).
We conclude that these data are not consistent with a uniform relaxation of codon bias in the unique genes, or with a random accumulation of neutral mutations. That is, the unique genes are Fig. 2 . Tree of E. coli and S. enterica modal codon usages. The distances between modal codon usages of the shared and unique genes from all five strains of each species (SI Appendix, Table S2 ) were used to construct the tree. There are 2,040 shared genes; the number of unique genes follows each genome name. Background colors are the same as in Fig. 1 . Fig. 3 . Interspersion of shared and unique genes on the E. coli O157:H7 and S. enterica LT2 replicons. Each protein coding sequence is colored by its category (shared, unique, or other) and organism, as in Fig. 1 .
not accommodated by the selection-mutation-drift theory of codon usage evolution (17, 18) . Any theory that proposes that similarities in E. coli and S. enterica unique gene codon usages are due to random drift must explain how the unique gene modal codon usages can independently converge on the same tiny subset of codon usage space while maintaining a complex pattern of third codon position base preferences. The possibility of a common source of unique genes raises the question of where the donor pool resides. It is hard to avoid the conclusion that the reservoir of unique genes is cellular life; although they are essential vectors of transfer, plasmids, phage and naked DNAs do not replicate without a host cell.
Given the dramatic codon usage differences between shared and unique genes in a genome, it has been appealing to suggest that the unique genes come from a phylogenetically distinct source (10, 11) . We searched for potential donor source(s) of genes among the complete microbial genomes and sequenced human gut microbiome isolates. Although this search was limited to a methodology that is applicable to all genomes (SI Appendix, SI Text), the best potential sources of these genes appear to be the nonnative genes of E. coli, S. enterica, and other Enterobacteriaceae, including Citrobacter, Cronobacter, Enterobacter, Pectobacterium, and Shigella (SI Appendix, Tables S5 and S6 and Figs. S3 and S4). This codon usage similarity does not span all Enterobacteriaceae, however. In particular, the distances from the Yersinia unique gene modal codon usage to those of S. enterica and E. coli unique genes (0.307 and 0.329, respectively) are fourfold greater than the distance between the E. coli and S. enterica unique genes (0.081) (SI Appendix, Fig. S5 ), and nonnative gene codon usages of Yersinia spp. do not match as many E. coli and S. enterica unique genes as do the nonnative gene usages of the other aforementioned Enterobacteriaceae (SI Appendix, Tables S5 and S6 and Figs. S3 and S4) .
It would be difficult to explain the similar codon usages by selection in gene transfer or maintenance. The unique genes in these genomes are products of phage-, plasmid-, and transposonmediated transfers. We are unaware of any evidence indicating that these gene transfer mechanisms select for a specific codon usage. Indeed, the mosaic nature of many mobile elements demonstrates that these mechanisms tolerate different codon usages (15, 19) . Similarly, we are unaware of any integration mechanism that selects for a particular codon usage.
To persist, an integrated gene must not be harmful. Accordingly, a striking property of the unique genes in E. coli and S. enterica is that they are not random samples of an organismal genome; they almost entirely lack paralogs of universal and highly conserved genes (SI Appendix, SI Text), a property that previous studies have attributed to toxicity in a recipient (20) . The nearly complete absence of paralogs of core genes also may suggest that some form of punctuation (e.g., unidentified recombination sites) distinguishes DNA regions that are most successfully transferred from those that are less successfully transferred. Avoiding toxicity may select for lower G+C content via proteins like H-NS, which nonspecifically repress expression of low G+C genes (21, 22) , but there is no evidence suggesting that this is related to codon selection per se (21, 22) . Any resulting reduction in G+C content minimally constrains codon usage; we found comparable codon usage diversity within genera spanning 35-65% genomic G+C content (SI Appendix, Table S7 and Fig. S6 ).
We looked for a possible codon usage convergence of E. coli and S. enterica gene sequences with lower G+C content. When genes are drawn from a common pool, G+C content has a small (but finite) influence on codon usage distances, but the divergence between E. coli and S. enterica is much larger (SI Appendix, Fig. S7 ), particularly at higher G+C content. We also repeated the analyses presented in Table 1 , but limited to genes with 52% ± 2% G+C content (SI Appendix, Table S8 ). The unique genes were twice as close in codon usage compared with the shared genes.
Long-term persistence of a gene requires replication, repair, and occasional usefulness. Several authors have concluded that recently acquired genes have higher substitution rates as they adapt to their host genome (23) (24) (25) ; however, such selection would be expected to increase the variation in synonymous codon usage, not to lead to convergence on a common value in distinct species. The best-documented phenomenon affecting codon usage of acquired genes is amelioration (26) ; however, amelioration does not explain the distinctiveness of unique genes from the host codon usage or the extreme similarity of these genes between species.
Thus, we propose that a plurality of the unique genes in E. coli and S. enterica genomes have similar codon usages, because they are drawn from a common biological reservoir that extends further than previously suggested (4, 27) , going far beyond the phylogenetic range of homologous recombination (28, 29) and crossing species boundaries. Although alternatives are possible, they would require selecting the same codon usage for the genes acquired by two species, while allowing the codon usages of their vertically inherited genes to diverge (SI Appendix, SI Text).
Related Observations in Other Taxa. This phenomenon, the similar codon usages of horizontally acquired genes in related species, may be phylogenetically widespread. A comparison of Agrobacterium species revealed that the modal codon usages of their plasmids, which have very different gene contents, are more similar (distances of 0.061-0.139) than the modal codon usages of their chromosomes (distances of 0.209-0.392) (SI Appendix, Table S9). Moreover, a comparison of the Archaea Methanosarcina acetivorans and Methanosarcina mazei found that the unique gene modes are closer than the shared gene modes (SI Appendix, Table S10 ). However, this trend is less consistent with the more distant species M. barkeri (SI Appendix, Table S10), and we did not find similarity in the unique gene codon usages among strains of Bacillus (cereus subgroup), Streptococcus, and Sulfolobus. Whether this finding is related to limitations in strain sampling, to noise due to small numbers of unique genes, or to a true lack of codon usage similarity in the unique genes is unclear.
Discussion
Our data indicating that a plurality of unique genes in E. coli and S. enterica are nearly indistinguishable in codon usage are not easily reconciled with random drift or uptake from distant phylogenetic sources (10, 11) , but are more consistent with the concept of drawing on a common gene pool. These findings call into question both traditional and contemporary ideas of microbial species. For example, the pangenome concept posits that members of a species are composed of a shared set of core genes and a collection of variable genes (the pangenome) present in some, but not all, members of the species (4, 27) . This concept does not exclude DNA acquisition from more distantly related donors, but does propose that exchanges of a phylogenetically circumscribed gene pool are the primary basis of diversity in a species. Although conceptually in accordance with this pangenome concept, our data suggest that frequent exchange extends beyond a biologically meaningful definition of species. The distinctive codon usage of the exchanged genes presumably results from a complex history of genomic environments during passage through a series of hosts, none of which retain the genes long enough for them to ameliorate to an individual host codon usage (11, 26) . Although homologous recombination has a profound influence in close relatives, and some genes are transferred across vast phylogenetic distances, we are now defining an intermediate range over which transfer appears to be rampant, creating a superspecies pangenome.
Materials and Methods
Sequence Data. The genomes analyzed and the steps in their retrieval are described in detail in SI Appendix, SI Materials and Methods.
Identification of Shared and Unique Genes. Genes in two genomes were considered orthologous (and hence shared) if they were found to be bidirectional best hits using BLASTP (30) . Two genes were considered bidirectional best hits if they were each other's best match between the two genomes being compared, had at least 80% amino acid sequence identity, and matched over at least 80% of the protein length.
For each E. coli and S. enterica genome, the shared gene set comprised the 2,040 genes for which bidirectional best hits identified presumed orthologs in all 10 genomes. Genes were defined as unique if they did not have a bidirectional best hit in any of the nine other genomes. The numbers of unique genes in each genome are shown in Fig. 2 . Because the unique genes of each strain are distinct, the unique gene modal codon usages (below) of each species were defined by combining the unique genes from all five strains, giving a total of 4,001 E. coli unique genes and 1,903 S. enterica unique genes. For Yersinia, shared genes were defined as those linked by bidirectional best hits across the 10 strains of Y. pestis and Y. pseudotuberculosis analyzed, and unique genes as those lacking bidirectional best hits in any of the other nine Yersinia genomes. Shared and unique genes among the three Methanosarcina genes were identified as described for E. coli and S. enterica, except here the BLASTP matches required at least 70% amino acid sequence identity and covered at least 70% of the protein length.
Codon Usage Analyses. Most of the analyses in this study are based on modal codon usage (15) . Analogous to a mode in statistics, modal codon usage is the expected codon usage frequencies that match the largest number of genes in a set of genes (with matching meaning that the gene is not significantly different; P < 0.1) (15). Relative to average codon usage, modal codon usage minimizes the effects of genes with aberrant codon usages. Native codon usage uses an axis to accommodate expression-related variation in codon usage (31) . A gene that is significantly different (P < 0.1) from all points on the native codon usage axis is classified as nonnative.
Distances between codon usages were calculated as described previously (15) . The uncertainty in distances and the significance of differences in distances were evaluated using bootstrap analyses (32) in which one replicate is composed of a resampling of the 4,001 E. coli unique genes, a resampling of the 1,903 S. enterica unique genes, and a resampling of the 2,040 orthologous pairs of E. coli O157:H7 and S. enterica LT2 shared genes. To test whether the distance between shared gene codon usages is significantly greater than the distance between unique gene codon usages, the distribution of the difference in distances among the bootstrap samples was examined (SI Appendix, SI Text).
A Monte Carlo simulation was used to assess the expected difference in codon usage of samples from a common pool. The two gene sets compared randomly redistributed into groups of the same size as the original sets, the modal codon usages were computed for the new groups, and the distances between the modes were computed. Values reported are mean ± SD of results from 10 randomizations.
For trees of codon usages, pairwise distances were converted to a corresponding tree using the neighbor-joining method (33) , as implemented in the neighbor program of the PHYLIP package (http://evolution.genetics. washington.edu/phylip.html) (34) .
Factorial correspondence analysis of relative synonymous codon usage (i.e., codon usage normalized per amino acid) was computed using CODONW (35) . Factorial correspondence analysis and genome drawings were rendered using POV-Ray (http://www.povray.org/). All symbols are represented as spheres at a common depth, so that gene symbols can overlap without fully obscuring one another.
Interspersion of Unique and Shared Genes. For the genomes of E. coli O157:H7 and S. enterica Typhimurium LT2, the number of distinct regions with one or more unique genes separated by a minimum number of shared genes was tabulated, with the required number of shared genes varying from 1 to 10. To qualify as a delimiter, the shared genes could have any unique genes interspersed.
Possible Source(s) of Unique Genes. For each of (i) the complete bacterial and archaeal genome in the SEED database (36) (accessed using the Web services API; ref. 37) , (ii) the genomes from the human gut microbiome project (http:// genome.wustl.edu/pub/organism/Microbes/Human_Microbiome_Project/ GI_Tract/) (38) , and (iii) 17 additional enterobacterial genomes from NCBI (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/) (39), the modal codon usages of the genome and of its nonnative genes were determined. For each of these codon usages, the unique genes in E. coli O157:H7 and S. enterica Typhimurium LT2 that are not significantly different (P < 0.1) were identified, and the fraction of all unique gene codons in the matching sets (i.e., the number of matching genes weighted by their length) was calculated.
Effect of G+C Content on Codon Usage Divergence. All of the genomes from the SEED database (36) that have more than one species within the same genus were analyzed. Then the modal codon usage for the genomes of each individual species was calculated, and the distances between the modal codon usages of each species within the genus were measured. In cases where multiple strains of the same species were available, the median distance of all pairs of strains is reported. In cases where more than two species of a genus were available, the distance between all pairs of species was measured, and the median distance, average distance, and rms distance are reported.
Agrobacterium Chromosomes and Plasmids. For comparisons of Agrobacterium species, the chromosomes of each species were used to represent vertically inherited genes, and the plasmids were used to represent recently horizontally acquired genes. For each genome, the chromosomal genes and the plasmid genes were pooled separately, and the modal codon usage for each set was computed. For this, the 2.65-Mbp replicon of A. radiobacter K84 was considered a chromosome.
